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T he morphology of the optic nerve head (ONH) is highly variable among individuals. [1] [2] [3] The ONH area shows an interindividual variability of approximately 1:7, and the ovality index (defined as the ratio of the largest diameter to the smallest diameter of the ONH), which is one of the morphologic parameters of the ONH, shows a variability of about 1:2 in the general population. 4 Most studies on the ONH have been conducted with adult populations 2, 3, 5, 6 ; there are only a few such studies dealing with infants. [7] [8] [9] [10] [11] Previous work has revealed that the optic nerve is incompletely developed at birth, 12, 13 and that it undergoes rapid development in infancy and early childhood. 14 However, it is not certain whether the morphology of the ONH remains stable or changes during ONH development and eyeball growth.
Recently, our group reported that the shape of the ONH changes and that the central vascular trunk (CVT) of the ONH moves with myopic axial elongation in childhood. 15, 16 Because the CVT is embedded in the dense connective tissue of the lamina cribrosa (LC), positional change (i.e., shift) of the CVT could be a clue indicating the extent and the direction of underlying LC shift. 16, 17 We identified LC defect in the area opposite to the eccentric location of the CVT in the myopic eyes of healthy children, suggesting that changes in the CVT position and ONH morphology could be related to the risk of later developing glaucoma in myopia. 16 Subsequently, we showed that the position of the CVT relative to the center of the Bruch's membrane opening (BMO) was related to the initial damage location of myopic normal-tension glaucoma, 17 based on the assumption that the CVT was originally located at the center of the ONH.
If structural change of the ONH during infancy or childhood is linked to the long-term risk of developing glaucoma, the evaluation of baseline morphologic characteristics of the ONH in newborns would be important in order to deduce changes of the ONH and deep structures, such as the LC, during eyeball growth. Therefore, the purpose of the current study was to investigate the position of the CVT and the morphologic characteristics of the ONH in newborns based on fundus photographs.
METHODS
Digital fundus images of the posterior polar retina were consecutively obtained from infant eye-screening examinations performed using the Retcam wide-field digital imaging system (Natus Medical Inc.; Pleasanton, CA, USA) on healthy newborns Copyright 2019 The Authors iovs.arvojournals.org j ISSN: 1552-5783 within a week of birth in 28 local obstetrics and gynecology centers between July and September 2018. The infants' pupils were dilated with 1% tropicamide eye drops. Before the examination, topical anesthesia was instilled and an eyelid speculum was applied. The 1308 lens of a digital fundus camera was used. One fundus photograph was acquired per each eye of each infant, as centered on the posterior pole, by a welltrained nurse of each center between 1 and 7 days after birth. All of the fundus images were sent to the Reading Center of Soonchunhyang University Cheonan Hospital, where they were screened by one pediatric ophthalmologist (SYK). The images contained no patient-identifiable information except sex, gestational age, and birth weight. Eyes with congenital abnormalities, retinal hemorrhages, or intraocular inflammation were excluded. Images of poor quality also were excluded. If images from both eyes of an infant were eligible, one eye was randomly selected. This study was performed in accordance with the tenets of the Declaration of Helsinki, and the study protocol was approved by the Soonchunhyang University Cheonan Hospital institutional review board.
Fundus images were independently assessed by two independent observers (MK and KML) to determine the position and direction of the CVT using a measuring tool ( Fig. 1 ). The outermost measurement circle was fit to the disc margin, and the center of the circle was set as the 'center' of the disc. The position of the CVT was defined as its area of location in the optic disc (grade 1, within central 4% of optic disc area; grade 2, within central 9%; grade 3, within central 16%; grade 4, within central 25%; grade 5, outside of central 25%). The direction of CVT location was determined in cases of grade 2 or more as superior, inferior, nasal, or temporal relative to the center of the optic disc. The reference line was set as the line connecting the fovea and the ONH center, and each direction was a quadrant measuring 908. In cases of disagreement between the two observers, a third observer (SHK) was consulted to achieve consensus.
The disc diameter and cup diameter were measured to determine the cup-to-disc ratio and ovality index using ImageJ software (http://imagej.nih.gov/ij/; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA). The vertical and horizontal cup-to-disc ratios were determined as the ratio between the cup diameter and the disc diameter. The ovality index was defined as the ratio between the largest and smallest disc diameters. All of the measurements were performed independently by two masked observers (MK and KML), and the average values were used in the analysis.
The presence and the type of hypopigmented peripapillary lesion were evaluated by two masked observers (MK and KML). The circular type of hypopigmented lesion was defined as a 3608 hypopigmented lesion around the optic disc, and the crescent type was defined as a less than 3608 hypopigmented lesion. In cases of disagreement between the two observers (4 cases), a third observer (SHK) was consulted to achieve consensus.
Data Analysis
The normality of the distribution of the continuous variables was assessed by the Kolmogorov-Smirnov test. To obtain interobserver agreements for the located area of the CVT in the optic disc (grade 1~5) and the direction of the CVT position (superior, temporal, inferior, nasal), we calculated the weighted and unweighted kappa statistics, respectively. The interobserver reproducibility for the measurements of the continuous variables was assessed by calculation of the intraclass correlation coefficient (ICC) and coefficient of variation (CV) for variables with normal distribution, as well as by calculation of the concordance correlation coefficient (CCC) and CV for variables without normal distribution. Comparisons between two groups, full-term newborns and preterm newborns, were performed by X 2 test and independent t-test. Bootstrapping with 1000 replicates was used to obtain 95% bias-corrected accelerated confidence intervals (BCa CIs) for analysis of the grade of the CVT position. Differences of continuous variables with normal distribution were compared using the one-way ANOVA test and the post hoc least significant difference test. 
RESULTS
Initially, 1415 eyes of 1415 newborns were enrolled. Among these eyes, eight (0.6%) were excluded due to poor image quality, 398 (28.1%) due to retinal hemorrhage, and nine (0.6%) due to media opacity, optic disc abnormalities, or other retinal abnormalities. Finally, 1000 eyes of 1000 newborns were evaluated. Of the newborns, 537 were boys and 463 were girls. The mean gestational age was 39.0 6 1.2 weeks, and the mean birth weight was 3217.0 6 450.4 g. The mean day of image acquisition was 1.7 6 1.2 (range, 1-7) after birth. Of the subjects, 48.8% showed hypopigmentations; 20.6% were crescent-shaped and 28.2% were circular ( Supplementary Fig.  S1 ). Subgroup analysis was performed by dividing the subjects into two groups according to gestational age, preterm birth (<38 weeks) and full-term birth ( ‡38 weeks). The ovality index was significantly larger in the preterm birth subjects than in the full-term birth subjects (P ¼ 0.004). Also, the hypopigmentation was significantly more common in the preterm birth subjects than in the full-term birth subjects (P ¼ 0.039, Table 1 ). Table 2 shows the positional area and direction of CVT in the newborn ONH. The majority of newborns showed a centrally located CVT, 87.1% (BCa 95%CI, 84.7-88.8) were hCD ratio, horizontal cup-to-disc ratio; vCD ratio, vertical cup-to-disc ratio. within the central 4% of the optic disc area (grade 1) and 97.7% were within the central 9% (grades 1 and 2). The most common direction of CVT location was central (87.1%, grade 1), followed by nasal (11.0%) and inferior (1.2%). The shape of the ONH was vertically oval in almost all cases. The ovality index was 1.28 6 0.09 (range, 1.01-1.61); 89.5% of the ONHs were within the 1.10 to 1.40 ovality index range (Fig. 2) , indicating that the shape was highly uniform (Fig. 3) .
The average horizontal and vertical cup-to-disc ratios were 0.31 6 0.14 and 0.29 6 0.13, respectively. The vertical cup-todisc ratio was significantly increased as the grade describing CVT location increased (P < 0.001), whereas the ovality index was not significantly related (P ¼ 0.813) ( Table 3 ).
The interobserver agreement on the CVT-location grading was excellent (weighted kappa statistic ¼ 0.936 [0.868-1.000]), and the interobserver agreement on the CVT direction was good (kappa statistic ¼ 0.846 [0.720-0.972]). The Kolmogorov-Smirnov test revealed that the normal distribution prevailed for the ovality index, whereas it did not for the vertical cup-to-disc ratio. The measurements of the ovality index and vertical cup-to-disc ratio showed good (ICC ¼ 0.888 [0.839-0.924], CV ¼ 2.9%) and moderate (CCC ¼ 0.639 [0.550-0.713], CV ¼ 23.5%) interobserver reproducibility, respectively.
DISCUSSION
In this study, we confirmed that the position of the CVT of the ONH was mostly in the central area in the newborns. We also showed that the shape of the ONH was generally vertically oval and uniform. This finding supports our previous hypothesis that at birth, the CVT is located mostly in the center of the ONH. 16, 17 Additionally, these results imply that the shape of the ONH and location of the CVT can change over the course of eyeball growth after birth.
The mean ovality index of the neonatal ONH was 1.28, which is consistent with previous studies. 8, 9 We also found that ONH morphology was very similar among the newborns. Many previous studies conducted in Asia demonstrated different ovality indices for different age groups. 6, [18] [19] [20] Guo et al. 20 showed that the ovality index of Chinese children was 1.18 at the mean age of 11.4 6 0.5 years (range, 10-13 years). Another study conducted in Beijing reported that the ovality index of adults was 1.08. 19 This result was similar to those of other studies conducted with Singaporean Chinese adults (ovality index 1.1) 18 and Japanese adults (ovality index 1.12). 6 Taking these results together, we could cautiously deduce that the ovality index is decreased during infancy and early childhood. The larger ovality index of the preterm birth subjects relative to that of the full-term birth subjects in our study also supports this hypothesis.
Rimmer et al. 12 reported that the optic disc and retrobulbar optic nerve showed approximately 75% of growth at birth and 95% before the age of 1 year, based on 95 patients on whom autopsies were performed. Recently, Patel et al. 14 also demonstrated a rapid increase of disc diameter between birth and 2 years using handheld spectral-domain optical coherence tomography (OCT) in a cross-sectional study. However, there 11 Considering the high variability of ONH morphology in adults, 4 the uniform ONH shape in the newborns of our study suggested that not only does the size of the ONH increase during eyeball growth, but also, its shape dramatically changes.
According to an embryologic study, LC development starts in the fetus' fifth month, and by the eighth month, the LC morphology is similar to that of adults. 21 However, if the size and the shape of the ONH changes during eyeball growth in infancy and early childhood, the underlying LC might change further according to ONH and optic nerve development. Taking into account the facts that the LC is a three-dimensional cylindrical structure consisting of dense connective tissue and that the CVT is embedded in the LC, CVT position might represent the relative alignment of the anterior circular portion of the LC with the BMO. In the present study, the CVT was located mostly in the center of the optic disc in newborns. Considering the high variability of CVT position in the adult ONH, 17 the LC might expand and/or shift during eyeball growth and scleral expansion. This might be related to the development of an LC area that is vulnerable to glaucoma. Our previous study found that positional change of the LC relative to the BMO is related to the development of LC defects in young myopic eyes, which may be related to glaucoma risk. 16, 17 Another study also showed that the eccentric location of the LC relative to the BMO center, as estimated from the position of the CVT, is related to the initial damage area of glaucoma. 17 In our previous Boramae Myopia Cohort Study, we found that BMO diameter was relatively stable for 2-years follow-up from 9 years of mean age, whereas the deep structures of the ONH including the LC were shifted nasally and the peripapillary structures were changed dramatically during axial elongation due to myopic scleral expansion. 15 Patel et al. 14 also showed that BMO diameter increased rapidly during the first 2 years from birth and then relatively stabilized. Therefore, we cautiously speculate that BMO expansion may occur during infancy and early childhood along with scleral expansion, whereas scleral expansion alone may occur later, even during late childhood and early adolescence; the former would be accompanied mainly by emmetropization and the latter by myopization. Our speculation is supported by the schematic illustration in Figure 4 . Further studies focusing on infancy and early childhood would be warranted.
Peripapillary hypopigmentation was the most common finding in the newborns that we studied. Almost half of the cases (48.8%) showed peripapillary hypopigmented lesion, and they were categorized into two different shapes, crescent (20.6%) and circular (28.2%). Previous studies have reported that hyper-and hypopigmentary peripapillary rings, which are very similar to the dual-ring sign described in optic nerve hypoplasia, are a very common feature in preterm 9 and fullterm infants. 10 Guevara and Juarez 10 reported that the hypopigmentary ring was found in 94.21% of healthy newborns, and suggested that it could be a normal process for optic disc development that would disappear subsequently. This hypothesis is supported by our present finding that hypopigmentation was more common in the preterm group than in the full-term group. However, our previous study speculated on the presence of beta zone parapapillary atrophy (PPA) with Bruch's membrane as the result of misalignment between RPE layer and Bruch's membrane layer. 22 Although we were not able to delineate the histologic characteristics of the hypopigmentary ring in this study, we cautiously hypothesized that at least some hypopigmentary rings in infants might represent beta-zone PPA with Bruch's membrane. Further study with OCT is warranted.
This study has several limitations. First, only normal fundus images of Korean newborns were included. Because it is known that optic disc parameters have racial differences, 23, 24 further study is needed with various ethnic groups to generalize our hypothesis. Second, we could not identify the actual BMO and deep structure of the ONH, because we used only fundus photographs. Moreover, in some eyes (up to 5%), the exact location of the CVT and/or the cup margin could not be identified due to ambiguity of fundus images, so they were excluded from the analysis. Longitudinal study using OCT for newborns would be necessary in order to track the development of the ONH and LC changes. Third, no control group of different ages was set up in the present study. It would be meaningful to compare the CVT position and morphologic variation of the ONH among different age groups. Instead of establishing a control group, we compared the results with several large-scale epidemiologic studies that had been conducted in Asia. 6, [18] [19] [20] Fourth, image misalignment according to the angle of measurement could have influenced the measurements of ONH and CVT position. However, the effects may be minimal, because the fundus photos had been taken by well-trained technicians. Last, we did not measure the axial length, refraction, or keratometry. Because of this, we used cup-to-disc ratio and ovality index instead of disc diameter and cup diameter in this study.
In conclusion, the CVT of newborns was located in the center of the ONH in most cases. The shape of the optic disc was usually vertically oval, and very similar among the newborns. Our findings suggest that the ONH shape and deep structures would be changed during emmetropization in infancy and early childhood. This process could be related to the development of vulnerability to glaucomatous optic neuropathy.
